Introduction
The Oyashio is a part of the western boundary current of the subarctic gyre. It flows southwestward along the Kuril Island Chain, originating from the East Kamchatka Current. Part of the Oyashio separates from the main nearshore part and returns northeastward. The main part of the Oyashio reaches Hokkaido and probably turns eastward east of Tohoku district, and then flows northeastward, joining the northeastward return flows separated earlier (Kono and Kawasaki, 1997a) . In this paper we define the Oyashio Current as a southwestward current flowing from the southern Kuril Islands south of Bussol' Strait to the southeast of Hokkaido.
The velocity structure of the Oyashio region is still not clear, mainly because the barotropic component of the current has not been well understood. Moored current measurements have been confined to a limited area south of Hokkaido (Kono and Kawasaki, 1997b; Uehara et al., 1997) . Yasuda et al. (2002) presented a snapshot of the velocity field in the Oyashio region based on measurements made with the Lowered Acoustic Doppler Cur-Numerous surface drifters have been deployed over the Pacific under the Surface Velocity Programme (SVP) of the World Ocean Circulation Experiment (WOCE). However, the northwest margin of the Pacific Ocean, the Oyashio region, is one of the areas for which this program has produced the least data. Several surface drifter observations have been made in the Oyashio region (Tomosada and Inagake, 1986; Stabeno et al., 1994; Thomson et al., 1997; Rabinovich et al., 2002; Rogachev and Carmack, 2002) , but these studies examined individual drifter data and did not provide a mapping of the velocity field due to the limited coverage of drifter data.
Under the Joint Japanese-Russian-U.S. Study of the Sea of Okhotsk, 20 surface drifters were released in the Sea of Okhotsk in August and September 1999. Of the total of 20 drifters, 8 flowed out to the Pacific from September 1999 to February 2000. Thus a relatively larger number of surface drifters covered the Oyashio region in 1999/2000 season than ever before, providing a mapping of the velocity fields in the Oyashio region. Because of the high latitude of the observed area, the number of satellite fixes for a drifter is relatively large. We obtain 15-20 satellite fixes per day, from which tidal currents can be resolved in regions of strong tidal current along the Kuril Island Chain. In this paper we describe the surface velocity fields of mean, eddy, and tidal components in the Oyashio region, on the basis of all the data from drifters flowing out from the Okhotsk Sea.
The organization of this paper is as follows. Section 2 describes the drifter characteristics and data processing. Section 3 provides an overview of circulation and snapshot description with AVHRR images. presents the mean velocity field over the Oyashio region based on all drifter data. Section 5 examines mesoscale variability. The 2000 WCR, which trapped one drifter, is described in detail. Section 6 investigates the tidal currents, specifically the excitation of diurnal shelf waves around the Kuril Island Chain. The statistics of Lagrangian scales and single-particle diffusivities are briefly discussed in the Appendix. Section 7 provides a summary and discussion of this study.
Drifter Measurement and Data Processing
The drifters were tracked by satellite by means of the Argos system. The drifter used in this study is designed according to the specification recommended by SVP of WOCE, and is manufactured by Toyocom Co., Ltd (Model C-2340). Attached to the surface float are a tension-reducing subsurface float and a large holey-sock drogue, 8.6 m long with a 0.94 m diameter, centered at 15 m depth. Figure 1 displays the trajectories of all the drifters in the Oyashio region from September 1999 to August 2000. For consistency, drifters are given the same numbers as in Ohshima et al. (2002) . The number of drifter data existing in the Oyashio region for each month is listed in Table 1 in drifter-days, where the Oyashio region is defined by the Pacific area between 38-48°N and 140-160°E. By August 2000, about 1300 days of drifter data had been acquired through Service Argos. Because nearly 80% of the data were obtained in the period from November 1999 to May 2000, the velocity fields presented in this paper mostly reflect those in the 1999/2000 winter-spring season.
An average of 17.3 satellite fixes was obtained per day for each drifter. Individual fixes are divided into three classes according to the accuracy of the Argos locations: less than 150 m, less than 350 m, and less than 1000 m. For computing the velocities from pairs of drifter positions, we use a similar data procedure to that of Ohshima et al. (2002) , in which less accurate data are excluded or averaged when the interval time of the two consecutive data is too short. The velocities are then computed from pairs of position in order, from nonoverlapping time intervals. The time of the velocity observation is assigned midway between pairs. The most common separation time between pairs is 1.5-2.0 hours (from 0.5-hour bins). Using time intervals and the position accuracy described above, the velocity errors are estimated to be generally less than 5 cm s -1 . Figure 2 (a) shows an example of time series of drifter velocity (for Drifter 4) made by the procedure of Ohshima et al. (2002) . In this paper, the coordinate system is taken parallel with the Kuril Island Chain to better resolve the Oyashio Current, as will be shown in Fig. 4 .
Since drifter positions were measured at irregular intervals, the following procedures are carried out. Raw velocity data are first interpolated onto 1-hour interval data using a Gaussian distribution as the weight function with an e-folding time of 1-hour ( Fig. 2(b) ). For each interpolation at 1-hour interval, we set the weight function to zero when the time difference from the raw data is more than 4 hours. These procedures cover about 99.9 percent of all the time series data. Each interpolated velocity was given a position linearly interpolated between those of the two closest fixes.
To divide the mean/mesoscale component from the diurnal/inertial component, a 25-hour running mean filter is applied to the above-interpolated velocity (Fig. 2(c) ). For analyses of mean/mesoscale features and Lagrangian statistics the filtered velocity is resampled at 4-hour intervals. To analyze the tidal current features we use the high-pass filtered velocity ( Fig. 2(d) ), given by subtracting the low-pass filtered velocity (Fig. 2(c) ) from the original interpolated velocity (Fig. 2(b) ). For convenience of the tidal analysis, this 1-hour sampled velocity is used in this study. Although this is somewhat oversampled, analyses from 2-or 3-hour sampled data give similar results to those from 1-hour sampled data. From the highpass filtered velocity, inertial oscillation with a velocity amplitude of 0.1-0.3 m s -1 was sometimes identified, particularly in fall (September-December). Examination of inertial oscillation is beyond the scope of this paper.
From drifter velocities we can obtain Lagrangian statistics, i.e., the Lagrangian autocovariance, Lagrangian integral time and space scales, and diffusivity. The statistics are also needed to determine the bin scale and to evaluate the error ellipse of the mean current. Lagrangian statistics are briefly discussed in the Appendix. 
Overview of Circulation
Some general characteristics of the flow field can be described based on the drifter trajectories ( Fig. 1 ). Of the 8 drifters entering the Pacific, 7 exited through Bussol' Strait and 1 through Friz Strait. Of the 7 drifters from Bussol' Strait, 4 drifters (Drifters 1, 2, 4, and 15) moved southwestward almost parallel to the island chain, trapped within the Oyashio Current, whereas 3 drifters (Drifters 3, 5, and 14) turned eastward south of Bussol' Strait. These 3 drifters crossed the Oyashio Current in 3-5 days. Drifters 1, 3, and 4 were trapped temporarily by mesoscale eddies. Drifter 15, after traveling southwestward from Bussol' Strait to the south of Hokkaido for ~20 days, was trapped by the anticyclonic warm-core ring (WCR).
We present two examples of near-snapshot velocities from drifters, superimposed on a NOAA Advanced Very High Resolution Radiometer (AVHRR) infrared image. Figure 3 shows the infrared AVHRR images on December 10, 1999 and April 12, 2000, superimposed upon drifter velocities for a 0.5° longitude × 0.33° latitude grid within ±20 days of the image. To generate gridded data from each drifter velocity we use a Gaussian distribution as the weight function with an e-folding scale of 20 km. We set the weight function to zero when the distance between the drifter and the grid center point is more than the e-folding scale. The results for bins with more than 0.5 drifter-days are indicated.
In winter, the ocean mixed layer is not masked by a warm, atmospherically heated surface layer. Thus, an ocean front can be seen through SST. For both the December and April cases, AVHRR images clearly show the Oyashio and Subarctic front, extending east-or northeastward from 40°N to 43°N. The front meandered with a wavelength of ~200 km. The drifters which were trapped by the front revealed that the surface velocity associated with the front is typically 0.1-0.3 m s -1 . In December, anticyclonic eddies with warmer cores can be identified off Bussol' and Friz straits, while cyclonic eddy motions are suggested off Iturup Island. In April, the WCR is identified both from drifters and the AVHRR image. A detailed description of this WCR will be presented in Subsection 5.2.
Mean Field
To explore the spatial distributions of the mean/ mesoscale current field, the 25-hour running mean drifter velocities are averaged in spatial bins. The coordinate system is taken parallel with the Kuril Island Chain. As presented in the Appendix, the spatial scales of time dependent motions (Lagrangian integral space scale of the drifters) in the Oyashio region are about 50 km (see Table A1 ). It is sensible to choose bin dimensions larger than this scale, here chosen to be ~92 km in the crossshore direction and ~133 km in the alongshore direction. Over the shelf and slope just off the Kuril Islands, the variation in the cross-shore direction occurs at a much smaller scale than in the alongshore direction. Thus, for this area, bins in the cross-shore direction are half those in the alongshore direction.
The reliability of mean current velocity estimates can 
where n is the total number of observations, ∆T is the time interval between observations, and τ L is a measure of the decorrelation time scale of a drifter motion, about twice the Lagrangian integral timescale (see Table A1 ). Figure 4 shows the spatial distribution of the mean surface flow derived in the manner discussed above. The 95 percent confidence error ellipses are also drawn around the tip of the vectors. Although the results are based on 1-year observation only, with nonuniform sampling, the mean circulation in the Oyashio region can be roughly presented. 
Eddy Activity

Mesoscale variability
To explore spatial distribution of the mesoscale (eddy) variability, we calculate the principal axes of the velocity variance for each bin defined with respect to the mean flow displayed in Fig. 4 , assuming stationary statistics for each bin. In Fig. 5 , the velocity variance is shown by the size of the ellipses, the major and minor axes of which correspond to the principal axes of the variance. Figure 5 also illustrates the ratio of eddy to mean kinetic energy by shading of the ellipses. The ratio is determined by also Table A1 ) with nearly isotropic characteristics. Mean kinetic energy exceeds eddy kinetic energy in the Oyashio Current region and is comparable to eddy kinetic energy in the Subarctic Current region. Figure 5 demonstrates that an eddy-dominant region exists between the Oyashio and Subarctic current regions. In this region, eddy kinetic energy is one order of magnitude greater than mean kinetic energy, and both cyclonic and anticyclonic eddies exist, as shown by the drifter trajectories and velocities (Figs. 1 and 3) . Fig. 4 is shown by size of the ellipses, where the major and minor principal axes of the variance correspond to those of the ellipse (refer to the circles in the left for the scale). Ratio of eddy to mean kinetic energy is represented by shading of the ellipses (refer to the shaded circles at left).
The 2000 warm-core ring
Anticyclonic warm-core rings (WCRs) are prominent features and thus many investigations have been carried out mostly through hydrographic and satellite observations (e.g., Saitoh et al., 1986; Yasuda et al., 1992; Kawasaki, 1993) . However, no direct surface-current observations covering the whole WCR have been made so far, except for GEK (Geomagnetic ElectroKinetograph) observations (Tomosada, 1975) . Drifter 15 was trapped by the WCR over a 100-day period from February 5 to May 15, 2000 (Fig. 6(a) ). This trapping provides a detailed insight into the surface velocity structure of the WCR.
To examine the eddy's movement and the effect of centrifugal force, we chose four near-circular loops of the drifter trajectory, indicated by the thicker lines in Fig.  6(a) . From these loops, positional change in the WCR center can be estimated as the average weighted position for each of the individual loops. From Loop 1 to Loop 4 periods (February 10-April 8), the eddy center moved northeastward by ~30 km for a mean translation speed of 0.6 cm s -1 (see the cross marks in Fig. 6(a) ). Furthermore, from time series of AVHRR images, the WCR is found to be almost stagnant or to move northeastward very slowly during that period. Table 2 shows the properties and parameters of the WCR delineated by the four loops of the trajectory. Since the periods of the larger loops (Loops 1 and 2) are significantly longer than those of the smaller loops (Loops 3 and 4), the WCR was not in a state of solid body rotation, at least outside the eddy center of 40 km radius. For an exact circular anticyclonic eddy, the momentum equation in the radial direction is approximated as fv v r P r
where v θ is the azimuthal velocity, r is the distance from the eddy center, f is the Coriolis parameter, ρ is water density, and P is pressure. The centrifugal force, v θ 2 /r, acts against the Coriolis force, fv θ , and this reduces the pressure gradient. velocity v θ (=2πr/T) and the ratio of the centrifugal force to the Coriolis force R o (=2π/Tf) for each loop. Within 40 km of the eddy center, the centrifugal force was 16% of the magnitude of the Coriolis force and thus not negligible. This estimation is roughly consistent with that from GEK results (Tomosada, 1975) . The averaged velocities for each loop, v m , were almost the same as v θ (Table 2) . Because the WCR was nearly stagnant during the trapping period (February-May, 2000) , the mean velocities, more finely resolved in space than in Fig. 4 , were computed on a 0.33° longitude × 0.25° latitude grid in the region between 40-43.5°N and 143-149°E (Fig. 6(b) ). The procedure for deriving gridded data is the same as that of Fig. 3 except for the e-folding scale and influence radius of 20 km. Figure 6(b) illustrates that the WCR shows an approximately symmetric velocity structure with a diameter of ~200 km. The maximum velocity occurs at 70 km from the center with a typical velocity of 0.6 m s -1 . Because of the slight migration of the WCR, the mean velocity in Fig. 6(b) is somewhat smoothed. The maximum velocity was slightly larger, typically 0.7 m s -1 according to the 25-hour running mean drifter velocities. Rabinovich and Thomson (2001) , from surface drifter observations on the Urup shelf, showed that the diurnal tidal currents are amplified due to the excitation of diurnal shelf waves. In and around the Bussol' Strait, a diurnal tidal current was found to be amplified, up to ~1 m s -1 , by repeated LADCP measurements (Katsumata et al., 2004) and surface drifters (Ohshima et al., 2002) . Our data set of surface drifters can provide spatial characteristics of tidal currents for a larger area in the Oyashio region.
Tidal Currents
From the time series of velocities recorded by the drifter trapped by the Oyashio Current (Fig. 2) , diurnal tidal currents can be clearly identified, in addition to the southwestward mean current. The diurnal currents are strong enough that the instantaneous velocity is sometimes in the opposite direction to the mean current ( Fig.  2(a) ). The amplitudes of the tidal currents reach ~0.3 m s -1 with clockwise rotary current ellipses. We examine the spatial characteristics of tidal currents using high-pass filtered velocity data (like Fig. 2(d) ). In measurements from drifters, both the amplitude and phase of a specific tidal component may vary through the record as the drifter moves through different tidal regimes. Thus, it is difficult to obtain the exact value of the tidal components from moving drifter data. Here we use the same technique as that introduced in Ohshima et al. (2002) : a mapping of the complex demodulation results. Time series of each drifter velocity are segmented into 2-day intervals and then complex demodulation (a multivariate least-squares fit) at diurnal (24-hour) period is performed for each segment. The results of the modulation are represented by tidal ellipses with each ellipse center plotted at the location of the intermediate time of each segment. Figure 7 shows a map of the complex demodulation, from all the drifter observations around Iturup and Urup Islands. Points with clockwise ellipses are colored blue while anticlockwise are colored red. To show the degree of fitting, we calculate the ratio (R) of the variance of the residual velocity from the fitting to the variance of the original velocity. The color tone of the ellipse indicates the residual ratio R: a more significant signal of R ≤ 0.5 is indicated by a darker tone and a less significant signal of 0.5 ≤ R ≤ 0.7 is indicated by a lighter one. Points with this ratio more than 0.7 are regarded as no signal points and are indicated by green crosses. Figure 7 illustrates that clear diurnal tidal motions with clockwise ellipses occur over the Pacific shelf and slope shallower than 1000 m off Iturup and Urup Islands. These characteristics are consistent with those of diurnal shelf waves calculated by Rabinovich and Thomson (2001) . Particularly strong diurnal motions with amplitudes reaching nearly 0.3 m s -1 are identified over the shelf projecting out to the south of Urup Island. This feature, as well as the overall spatial distribution of the tidal ellipses over the area, are consistent with the tidal simulation results by Nakamura and Awaji (2004) .
Moreover, over the Okhotsk shelf and slope of Iturup Island there is large amplification of the diurnal signal, with amplitudes reaching nearly 0.5 m s -1 , suggesting the excitation of diurnal shelf waves on the Okhotsk side. We performed a similar demodulation analysis for the semi-diurnal (12-hour) period (not shown here), from which a significant signal cannot be obtained.
Summary and Discussion
Satellite-tracked drifters drogued to 15 m depth were used to measure the near-surface circulation over the Oyashio region from September 1999 to August 2000. The velocity field presented mostly reflects those in the 1999/2000 winter-spring season. Figure 8 is a schematic of the velocity fields of the Oyashio region derived from the surface drifter data.
Along the southern Kuril Island Chain, the Oyashio Current, having a width of ~100 km, exists with velocities of 0.2-0.4 m s -1 . From 40°N to 43°N, the Subarctic Current flows east-or northeastward with velocities of 0.1-0.3 m s -1 , accompanied by meandering in the Oyashio or Subarctic front. Between the Oyashio and Subarctic current regions, an eddy-dominant region exists with both cyclonic and anticyclonic eddies. These features are consistent with those from synoptic hydrographic observations (Kono and Kawasaki, 1997a) . A new finding is that of an eastward flow just south of Bussol' Strait, which needs further observations to be statistically verified. If this is the case, this flow may be caused by the bottom topographic gap or by outflow from Bussol' Strait (Katsumata et al., 2004) .
The drifter data provided a detailed velocity structure of a WCR and the distribution of tidal currents over the Oyashio Current region. The 2000 WCR, located south of Hokkaido, was found to have a nearly symmetric velocity structure with a diameter of ~200 km. The velocity field has its maximum velocity of ~0.7 m s -1 at 70 km from the eddy center. The WCR was not in a state of solid body rotation, at least not outside a 40 km radius from the eddy center. Within 40 km of the eddy center, the centrifugal force was 16% of the magnitude of the Coriolis force and thus was not negligible. Relatively strong diurnal tidal currents of 0.1-0.3 m s -1 with clockwise tidal ellipse were found over the shelf and slope off Urup and Iturup Islands. Amplification, with amplitudes reaching nearly 0.3 m s -1 , occurs over the shelf projecting out to the south of Urup Island. The characteristics of these tidal currents are consistent with those of diurnal shelf waves.
Finally, it should be borne in mind that the present study is based on only one year of observations, which is definitely biased from the standpoint of climatological features. Moreover, the number of drifters is limited in terms of statistical reliability. For homogeneous and stationary fields, the singleparticle diffusivity (K ij ), defined as the time rate of the displacement covariance, is reduced to be the integral of the Lagrangian antocovariance:
The integral of the autocovariance which appears in these definitions is generally time dependent and does not converge to a constant as t increases. We adopt the usual practice of integrating from zero to the time of the first zero crossing. First, Lagrangian statistics of the time and space scales are computed from the tracks of 8 individual drifters in the domain of the Oyashio region (143-155°E and 38-47°N). The calculated values are then av- eraged, being weighted in proportion to the time length of the track. Table A1 is a summary of the calculated Lagrangian statistics: the mean Lagrangian integral time and space scales and diffusivities. Since the statistic values are almost the same in the east-west and north-south directions, the average of the two directions is presented. From Lagrangian statistics, the single-particle diffusivity is estimated to be ~10 × 10 7 cm 2 s -1 . In the past, such estimation in the Oyashio region was done using only a few drifters (Tomosada, 1992) , which could not give statistically reliable values.
